A genetic and cytological study of dwarfing in wheat and oats by Goulden, Cyril H.
TECHNICAL BULLETIN 33 JANUARY 1926
University of Minnesota
Agricultural Experiment Station
A Genetic and Cytological Study of
Dwarfing in Wheat and Oats
Obrary, New ei,efAvir:0 Coti64.„
Cyril H. Goulden A.
Division of Agronomy and Farm Management
UNIVERSITY FARM, ST. PAUL
AGRICULTURAL EXPERIMENT STATION
ADMINISTRATIVE OFFICERS
W. C. COFFEY, M.S., Director
ANDREW Boss, Vice-Director
F. W. PECK, M.S., Director of Agricultural Extension and Farmers' Institutes
C. G. SELVIG, M.A., Superintendent, Northwest Substation, Crookston
P. E. MILLER, M.Agr., Superintendent, West Central Substation, Morris
0. J. BERGH, B.S.Agr., Superintendent, North Central Substation, Grand Rapids
M. J. THOMPSON, M.S., Superintendent, Northeast Substation, Duluth
R E. HODGSON, B.S. in Agr., Superintendent, Southeast Substation, Waseca
RAPHAEL ZON, F.E., Director, Forest Experiment Station, Cloquet
F. E. HARALSON, Assistant Superintendent, Fruit Breeding Farm, Zumbra Heights,
(P.O. Excelsior)
W. P. KIRKWOOD, M.A., Editor, and Chief, Division of Publications
ALICE MCFEELY, Assistant Editor of Bulletins
HARRIET W. SEWALL, B.A., Librarian
T. J. HORTON, Photographer
R. A. GORTNER, Ph.D., Chief, Division of Agricultural Biochemistry
J. D. BLACK, Ph.D., Chief, Division of Agricultural Economics
WILLIAM Boss, Chief, Division of Agricultural Engineering
ANDREW Boss, Chief, Division of Agronomy and Farm Management
W. H. PETERS, M.Agr., Chief, Division of Animal Husbandry
FRANCIS JAGER, Chief, Division of Bee Culture
C. H. ECKLES, M.S., D.Sc., Chief, Division of Dairy Husbandry
R. N. CHAPMAN, Ph.D., Chief Division of Entomology and Economic Zoology
HENRY SCHMITZ, Ph.D., Chief, Division of Forestry
W. H. ALDERMAN, B.S.A., Chief, Division of Horticulture
E. M. FREEMAN, Ph.D., Chief, Division of Plant Pathology and Botany
A. C. SMITH, B.S., Chief, Division of Poultry Husbandry
F. J. ALwAv, Ph.D., Chief, Division of Soils
C. P. FITCH, M.S., D.V.M., Chief, Division of Veterinary Medicine
TECHNICAL BULLETIN 33 JANUARY 1926
University of Minnesota
Agricultural Experiment Station
A Genetic and Cytological Study of
Dwarfing in Wheat and Oats
Cyril H. Goulden
Division of Agronomy and Farm Management
UNIVERSITY FARM, ST. PAUL
CONTENTS
Page
Introduction  3
Review of. literature 3
Materials and methods 
  5
Wheat dwarfs  6
Dwarfing in a Kota-Marquis cross  6
Dwarfing in a Chul-Marquis cross  14
Cytological studies  16
Interpretation of chromosome behavior  17
Application of chromosome behavior to breeding behavior of progeny of
Kota-Marquis and Chul-Marquis crosses  20
Discussion  26
An oat dwarf  28
History and breeding behavior  28
Cytological studies  33
Discussion  34
Summary  34
Literature cited  36
ILLUSTRATIONS
Page
Fig. 1. Fi of the Backcrosses as grown in the greenhouse, 1924-25  15
Fig. 2. Graphic representation of summarized data from Table XX  31
Fig. 3. Frequency distribution on a percentage basis for height of tallest
culm for false wild, intermediate, and cultivated classes in the F, of
a cross between false wild ani cultivated  32
Fig. 4. Frequency distribution on a percentage basis for average height of
culm for the false wild, intermediate and cultivated classes in the F, of a
cross between false wild and cultivated 32
Plates  38
A GENETIC AND CYTOLOGICAL STUDY OF DWARFING
IN WHEAT AND OATS'
By CYRIL H. GOULDEN2
INTRODUCTION
The inheritance of dwarfing has been studied in corn, cotton,
tobacco, peas, beans, wheat, oats, barley, and a number of other plants.
In many cases the results obtained have been explainable on a straight
factor basis, but in some instances, particularly with wheat, the mode
of inheritance of dwarfing has been found to be very irregular, and
the investigators have failed to advance a complete and satisfactory
explanation of the phenomena observed. A fairly complete review of
the literature of the subject has been made by Waldron (27). It will
be necessary to review here only the latter paper and a few others
which have been published more recently or have a direct bearing on the
more recent studies.
REVIEW OF LITERATURE
Extensive data on the inheritance of dwarfing in a Kota-Marquis
cross have been presented by Waldron (27). The F, plants were all
normal, and in the F2 generation there were 229 normals to 47 dwarfs.
The largest amount of data was obtained from the F, generation of
one F2 family, No. 149. The F, lines were grouped and fitted to the
nearest Mendelian ratio. In this way it was found that the ratio
groups 3 :1, 13 :3, 55 :9, 15:1, and 63 :I were represented. That
these groups could be obtained does not offer a solution of the prob-
lem, as all of the different groups would not be represented if definite
factors are responsible for the character, and the process of segrega-
tion is normal. Furthermore, the number of individuals in each family,
while normally as large as could be expected, was not large enough
to justify the differentiation made between 3 :1 and 13 :3 ratios or
between 13 :3 and 55:9 ratios. Again, the separation of the actual
ratios into their respective ratio groups seems not to have been carried
out on a statistical basis.
1 Submitted to the faculty of the Graduate School, University of Minnesota, in partial
fulfillment of the requirements for the degree of Doctor of Philosophy, June, 1925.
2 The investigation was conducted under the direction of Dr. H. K. Hayes, Professor of
Plant Breeding, University of Minnesota, to whom the author is indebted for valuable sug-
gestions in conducting the investigation and for assistance in planning the method of presenting
the results and conclusions. The author is also indebted to Dr. Fred Griffee, assistant pro-
fessor of plant breeding, under whose direction the cytological work was done, and to
Dr. W. P. Thompson of the University of Saskatchewan for some of the material and data
utilized in the study.
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In order to explain the results, Waldron advances a three-factor
hypothesis. One of the factors is the normal factor N and the other
two are complementary dwarf factors, A and D, which are inhibited
by N. This hypothesis does not account for all of the F3 ratios ob-
tained, so it is suggested in addition that the genes concerned are in a
labile condition, often changing from dwarf genes to normal and vice
versa. The explanation does not seem to be entirely satisfactory and
the difficulty of its proof is appreciated by the author in the statement
that "the labile condition of the genes will greatly handicap a demon-
stration of the hypothesis."
A dwarf which appeared in Marquis wheat has been described by
Thompson (26). The dwarf condition is dominant to tallness and
can not be obtained in a homozygous condition. The ratios obtained
from segregating dwarfs indicate that the dwarf character is not due
to a single genetic factor. A preliminary cytological examination of
root tip cells of the dwarf indicated that only about 20 chromosomes
were present, while in normal material the chromosome number is 42.
From a Triticion polonicion x T. spelta cross, Kihara (15) obtained
41-chromosome plants in the F, generation, some of which gave rise
to dwarf plants in the F3 which possessed only 40 chromosomes.
These dwarf _plants bred true for type and were constant for chromo-
some number. They belonged to the class designated by the author as
sterile combinations, since the chromosome complement could be repre-
sented by the formula 20b+oi, where 20b=20 bivalents and oi=o uni-
valents. In the progeny of one 41-chromosome plant there appeared
53 dwarfs of the 40-chromosome type and 459 normal plants. A 40-
chromosome race was found in the progeny of another pentaploid
.hybrid and was semi-dwarfed in habit.
Winge (30) described a dwarf club wheat which was much-
branched, late maturing, and possessed an ear that resembled the
Square-Head type. Certain dwarf plants produced progeny which
segregated in a 3 :1 ratio of dwarfs to normals, while the progeny of
another class of dwarfs segregated in a I :1 ratio. A cytological study
of the dwarfs giving progeny which segregated in a 3 ratio of
dwarfs to normals showed its chromosome complement to be normal
as regards number, but an occasional lagging chromosome was ob-
served, indicating that the type must be regarded as unbalanced.
"Stellenweise ist ausserdem dass Entstehen eines Vagabundenchromo-
soms beobachtet worden, und auch dies zeigt dass der Typus trotz allem
als 'unbalanced' betrachtet werden muss." The dwarf giving progeny
which segregate in a i :1 ratio was not studied cytologically.
Warburton (28) reported a dwarf oat which appeared as a mutant
form in the Victory variety. Breeding tests of the Victory dwarf
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indicated that it was a simple recessive to normal habit of growth.
In the progeny of a selection from a cross between Aurora and
Pringless Progress varieties of oats, Stanton (25) noted 8 plants of
an early prolific dwarf. Further studies tended to show that the dwarf
condition was dominant. Another dwarf which appeared to behave in
a similar manner was obtained from a cross of Winter Turf X Sixty
Day. This dwarf was also early and prolific.
MATERIALS AND METHODS
Material from two crosses was used in this study. The Kota-Mar-
quis material was from a cross which had been studied previously by
Hayes and .Aamodt io) in 1923. The data on the F1 and F, gen-
erations of this cross were taken directly from their 1923 publication.
The Chul-Marquis cross was made by Dr. W. P. Thompson, of the
University of Saskatchewan, who was kind enough to turn over this
material when the writer was leaving that institution in the fall of
1923. The F1 and part of the F, data were furnished by Dr. Thompson.
During the summer of 1924, F, material of the Kota-Marquis cross
and the F, and F3 material of the Chul-Marquis cross were grown in'
the plant breeding nursery at University Farm, St. Paul. It was grown
in the usual plant rows which are five feet long and in each of which
25 seeds were planted. All of the F, material available was grown
and as much as possible of the F3. The F3 families were grown from
F, plants selected at random and when possible 50 to 75 seeds of each
were sown. At harvest the plants were classified into dwarfs and nor-
mals on the basis of their height and general habit of growth. It is very
difficult to make a clear-cut distinction between normals and dwarfs on
the basis of their height alone, as normal plants are often stunted from
disease or unfavorable soil conditions and heterozygous dwarfs when
grown under unusually favorable conditions, while typically dwarfed
at the base, send up one or two culms which may attain normal height.
For this reason, altho the height of the plants was always taken, a
notation was made as to whether the growth habit of the plants was
normal or dwarfed. This practically amounts to classification on the
basis of general appearance and disregards the height.
In calculating the goodness of fit of the ratios obtained, the tables
of probable errors of Mendelian ratios prepared by the Department of
Plant Breeding, Cornell University, were used. The probable error
s
in these tables are calculated from the usual formula 0.6744898 Vp.q.n.
where n=the number of individuals and p and q are the percentages
corresponding to the ratio concerned. Since the probable error method
of testing the goodness of fit of Mendelian ratios was first used by
Welden (29) and Johannsen ), there has been some doubt in the
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minds of geneticists as to its applicability in certain cases. The chief
difficulties have been pointed out by Harris (9) and Pearl ( i6) and
these have been kept in mind here in drawing conclusions from the
results. Since the ratios dealt with are in most cases 3 :1 or 13 :3,
there is no particular objection to the method except where only small
numbers are available. It seems much better, however, to calculate the
goodness of fit for all the ratios obtained and to use judgment in draw-
ing conclusions than to use the probable error method only for those
cases where large numbers are available.
WHEAT DWARFS
DWARFING IN A KOTA-MARQUIS CROSS
Breeding behavior in F, and F, generations.—As previously reported
by Hayes and Aamodt (To), the F, plants of this cross were quite
normal. In the F, generation dwarf plants appeared. It was pointed
out that the ratio of normals to dwarfs was approximately 13 :3 and
that this could bo explained on a two-factor basis, an inhibitor and a
dominant dwarf factor. One of the parents would be homozygous for
both dominant factors while the other would be homozygous for both
recessive allelomorphs. The F, data are reproduced in Table I and
fitted to a theoretical 13 :3 ratio.
TABLE I
SEGREGATION IN F2 OF KOTA-MARQUIS CROSS, FOR NORMALS AND DWARFS, AND CALCULATION
OF GOODNESS OF FIT TO A 13:3 RATIO
Actual
Theoretical
(13:3) Dev.
Dev.
P.E. P.E.
Normal  666 639.4
Dwarf  121 147.5
26.6
Odds = 64.79 :
7.39 3.6
The odds against the occurrence of such a deviation due to random
sampling are 64.79 :1 and indicate the possibility of a better fit to a
55:9 ratio. That this is actually the case is shown in Table II.
TABLE II
F2 DATA FROM TABLE I FITTED TO A 55:9 RATIO
Actual
Theoretical
(55:9) Dev.
Dev.
P.E. P.E.
Normal
Dwarf
666 676.3 10.3
121 110.7
6.58 1.6
OddS=2.57 :1
Here the odds are only 2.57 :1 against the occurrence of such a.
deviation due; to random sampling. On this basis it would be neces-
sary to assume the presence of a second dwarf factor complementary
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to the first in order to explain the results, but, as will be shown later,
there are reasons to believe that this is merely a rather wide deviation
from a 13:3 ratio.
Breeding behavior in F3 generation.—In the F3 generation 109 fami-
lies were grown. Of these 85 were from normal F, plants and. the
remaining 24 were from dwarfs. In both cases random selection was.
practiced in order that the proportions of true breeding and segregat-
ing families could be compared with the theoretical proportions.
Before proceeding to a further discussion of the results, the ex-
pected behavior in F„ F2, and F, according to the n hove mentioned
factor hypotheses will be outlined.
Two-Factor Hypothesis
P1
F1
D=dominant dwarf factor
I =inhibitor. Plants are always normal when this factor is present.
Parents  IIDD x iidd Both normal
IiDd •  Normal
F2
Phenotype and Genotype
Frequency Frequency Genotypes Behavior in F3
Normal 13
r 1 IIDD Breeds true
2 IiDD , 3 normal: I dwarf
2 IIDd Breeds true
4 IiDd 13 normal: 3 dwarf
1 IIdd Breeds true
2 Iidd Breeds true
1 iidd Breeds true
IDwarf 3 iiDD Breeds true
iiDd 3 dwarfs: i normal
Proportion of each type breeding true and segregating in F,
Normals 7 breed true
segregate
Dwarfs ci breeds true/2 segregate
Three-Factor Hypothesis
A and D=complementary dwarf factors
=inhibitor
P, Parents  IIAADD x iiaadd Both normal
F,  IiAaDd Normal
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F2
Phenotype and Genotype
Frequency Frequency Genotype Behavior in F3
'1 IIAADD Breeds true
. 
2 IiAADD 3 normal, I dwarf
,, IIAaDD Breeds true
2 IIAADd Breeds true
4 IIAaDd Breeds true
4 IiAADd 13 normal: 3 dwarf
4 IiAaDD 13 normal: 3 dwarf
8 IiAaDd 55 normal : 9 dwarf
' IIAAdd Breeds true
2 IiAAdd Breeds true
Normal  < 2 IIAadd Breeds true
4 IiAadd Breeds true
' IIaaDD Breeds true
2 IiaaDD Breeds true
2 IIaaDd Breeds true
4 IiaaDd Breeds true
' IIaadd Breeds true
2 Iiaadd Breeds true
' iiaaDD Breeds true
2 iiaaDd Breeds true
' iiaadd Breeds true
I 1 iiAADD Breeds true
Dwarf 2 iiAaDD ' ' normal: 3 dwarf9
2 iiAAdD normal : 3 dwarf
4 iiAaDd 7 normal: 9 dwarf
Proportions of each type breeding true and segregating in F3
Normals c37. breed true
Dwarfs
iI8 segregate
-fi breeds true
segregate
Of , the 85 F, families, each the progeny of normal F, plants, 38
bred true and 47 segregated. In Table III the results obtained are
compared with the theoretical expectation on a two-factor basis.
TABLE III
PROPORTIONS OF TRUE BREEDING AND SEGREGATING FAMILIES IN F3
Actual
Dev.
Theoretical
(7:6) Dev. P.E. P.E.
Breeding true  38 45.8 7.80 3.10 2.5
Segregatin,  47 39.2
Odds =9.89 :
- 
Segregating
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The fit is not altogether satisfactory, but it is better than to the
37:18 ratio, the ratio expected according to the three-factor hypothesis.
The fit to the latter is given in Table IV.
TABLE IV
DATA FROM TABLE III FITTED TO A 37:18 RATIO
Actual
Theoretical
(37:18) Dev.
Dev.
P.E. P.E.
Breeding true  38
Segregating  47
57.2 19.2
27.8
2.92 6.6
Odds=very large
Regarding the deviation from the expected 7 :6 ratio, it is of inter-
est to note, as shown in Table VI, that the type of segregation of some
of the families was such as to indicate that the parents had been wrongly
classified in F2. They gave more dwarfs thah normals and the parents
were probably of the intermediate dwarf type which, if classified ac-
cording to .height alone, appear to be normal but are really dwarf types,
as indicated by the tufted character of the base of the plants. There
are four such families, and on removing them from the segregating
families, a better fit to the 7 :6 ratio is obtained as shown in Table V.
TABLE V
DATA FROM TABLE III FITTED TO A 7:6 RATIO AFTER THE REMOVAL OF CERTAIN FAMILIES
Actual
Theoretical
(7:6) Dev.
Dev.
P.E. P.E.
Breeding true  38 43.6 5.6 3.03 1.8
43 37.4
OddS=3.45 :1
In order to obtain an indication of the nature of the segregation
in the different F3 families, the results were drawn up as in Table VI.
They were first placed in order beginning with the family having the
largest proportion of normals to dwarfs and were then divided into
two classes, those most closely resembling a 13 :3 ratio and those most
closely resembling a 3 :1 ratio. The division into these classes was
made on the basis of statistical goodness of fit. On account of the
decided resemblance between the two ratios, this can hardly be strictly
accurate. However, it must be approximately so, as chance distribu-
tion would result in an almost equal overlapping of the classes.
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TABLE VI
SEGREGATION FOR NORMALS AND DWARFS OF F3 FAMILIES FROM NORMALS IN F2 GENERATION
OF KOTA-MARQUIS CROSS
Family
No. Normal Dwarf
Dev. Calc.
(13:3) P.E. Dev./P.E.
52.7 29 I 4.62 1.44 3.2
454 x5 I 2.00 1.05 1.9
480 56
. 4 7.25 2.04 3.6
483 20 2 2.13 1.23 1.7
470 33 4 2.94 1.60 1.8
488 54 7 4.44 2.05 2.2
468 14 2 1.00 1.05 1.0
512 49 7 3.50 1.97 1.8
457 40 6 2.62 1.79 1.5
449 39 6 2.44 1.77 1.4
456 45 7 2.75 1.90 1.4
509 32 5 1.94 1.60 1.2
529 50 8 2.88 2.00 1.4
477 29 5 1.38 1.54 0.9
446 31 6 0.94 1.60 o.6
517 45 9 1.13 1.93 0.6
493 34 7 0.69 1.69 0.4
524 28 6 0.38 1.54 0.2
513 27 6 0.19 1.51 0.1
442 39 9 0.00 1.82 0.0
492 46 II 0.31 1.99 0.2
476 32 8 0.50 1.66 0.3
496 12 3 0.18 1.02 0.2
521 28 7 0.43 1.56 0.3
450 27 7 0.62 1•54 0.4
458 23 6 0.56 1.42 0.4
523 30 8 0.87 1.62 0.5
455 41 11 1.25 1.90 0.7
Dev. Calc.
(3:0
530 31 9 3.00 1.85 0.5
522 34 30 1.00 1.94 0.5
464 10 3 0.25 1.05 0.2
482 20 6 0.50 3.49 0.3
511 36 II 0.75 2.00 0.4
491 25 8 0.25 1.63 o. 1
447 27 9 0.00 3.75 0.0
520 27 9 0.00 1.75 0.0
443 50 17 0.25 2.39 0.3
475 21 8 0.75 1.57 0.5
526 38 15 1.75 2.13 0.8
490 12 5 0.75 1.20 o.6
5o6 36 18 4.50 2.15 2.1
514 28 \ 14 3.50 1.89 1.9
478 19 10 2.75 1.57 1.8
479 II 14 1.75 1.46 5.3
481 7 10 5.75 1.20 4.8
474 30 17 10.25 1.52 6.7
486 10 24 15.50 1.70 9.1
This method of dividing the families places 28 families in the 13 :3
class and 15 in the 3 :1 class. This gives a very close fit to the
expected 2 :1 ratio as shown in Table VII.
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TABLE VII
NUMBERS OF F3 FAMILIES FALLING INTO 13:3 AND 31 CLASSES, AND CALCULATION OF FIT
TO A 2: I RATIO
Actual
Theoretical
(2:0
Dev.
Dev. P.E. P.E.
13:3 class
3:1 class
28 28.7 0.7
15 34.3
2.09 0.3
Odds =very low
With the exception of the last four families, the ratios are sur-
prisingly uniform, especially when the small number of individuals in
most of the families is taken into consideration. The goodness of fit
was studied further by determining the number of families in each
class that fall within the limits of I, 2, 3, and 4 times the probable
error. The results of such a determination are given in Table VIII.
The actual results are well within expectation.
_TABLE VIII
NUMBER OF FAMILIES FALLING WITHIN THE LIMITS OF I, 2, 3, AND 4 TIMES THE PROBABLE
ERROR AND COMPARISON WITH THE THEORETICAL
Within
limits of
No. of
families
CLASS 13:3
I x P.E 16
2 x P E 25
3 X P.E 26
4 x P.E 28
CLASS 3 :1
I x P.E 12
2 x P.E 14
3 x- P.E 15
4 x P.E 35
Per cent of Theoretical
. families per cent
57 50.0
89 82.3
93 95.7
100 99.3
So 50.0
93 • 82.3
100 95.7
Ioo 99.3
From the I2I dwarfs obtained in F,, 24 plants were selected at
random and their progeny grown in F3.
The results of the segregating families are given in Table IX.
There are 18 such families out of the 24, making the ratio of segre-
gating to true breeding types 18 :6. As shown in Table X, this gives
a good fit to the theoretical 2 :1 ratio according to the two-factor
hypothesis.
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TABLE IX
SEGREGATION OF F3 FAMILIES FROM DWARFS IN F2
Family
No. Normal Dwarf
Dev. Calc.
(1:3) P.E. Dev./P.E.
498 2 II 1.25 1.05 1.2
499 2 36 7.50 1.80 4.2
500 5 0.:0 0.72 0.7
502 5 9 1.50 3.09 1.4
534 I II 2.00 1.01 2.0
557 11 2.00 1.01 2.0
558 5 30 1.25 1.13 LI
561 I 8 1.25 0.88 1.4
562 II • 7 6.50 1.24 5.2
563 2 13 1.75 1.13 1.5
564 4 , 8 3.00 1.01 1.0
565 7 12 2.25 1.27 1.8
566 I 12 2.25 3.05 2.1
567 8 9 3.75 1.20 3.1
568 2 15 2.25 1.20 1.9
570 2 8 0.50 0.92 0.5
571 2 14 2.00 1.17 1.7
572 3 5 1.00 0.83 1.2
TABLE X
FREQUENCIES OF TRUE BREEDING AND SEGREGATING FAMILIES IN F3 FROM DWARFS IN F2
Actual
Theoretical
(2:0 Dev.
Dev.
P.E. P.E.
Segregating  18 16
Breeding true  6 8
2.0 1.56 1.3
OCLIS= 1.63 :I
Dwarf plants as a rule are partially sterile and therefore do • not
produce many seeds per plant. The F, families were consequently
rather small, much too small, in fact, to expect a reasonable agreement
within each family to the theoretical 3 :I ratio. Furthermore, the devia-
tions are on the whole so large that the required number of, families
do not _fall within the limits set by I, 2, 3, and 4 times the probable
error. This is illustrated in Table XI.
TABLE XI
NUMBER OF FAMILIES FALLING WITIIIN THE LIMITS OF I. 2, 3, 4, 5, AND 6 TIMES TIIE
PROBABiE ERROR AND COMPARISON WITII TIIE THEORETICAL
Within
limits of
No. of
families
Per cent of
families
Theoretical per cent
of families
1 x P.E 3 16.7 50.0
2 X P.E 14 77.8 82.3
3 x P E 15 - 83.3 95.7
4 x P.E 16 83.9 99.3
5 x P.E 17 94.4 99.9
6 x P.E 18 loom 100.0
One family (No. 562) deviates so widely from the expected 3 :1
that there is some possibility that the plant from which it came, was
wrongly classified in F2. When this family is removed, the agreement
is as in Table XII.
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TABLE XII
SAME AS TABLE XI WITH FAMILY No. 562 REMOVED
Within
limits of
1 x P E 
. 2 x P.E •
3 x P.E 
4 x P.E 
5 x P.E 
No. of
families
Per cent of
families
Theoretical per cent
of families
3 17.6 50.0
14 82.4 82.3
15 88.2 95.7
16 94.1 99.3
17 100.0 99.9
The agreement is still poor for the class i X P.E. That this is
probably due to the small number, of individuals in most of the fam-
ilies is shown by the relation of the average deviation from the 3 :1
ratio to the average probable error. The latter was determined by the
formula :
+m12 
y2
where m1, m9, ---- mn are the numbers of individuals in each family
a, b, c, - - - y, are the probable errors of a 3 :1 ratio for each family,
and
Vm12 a2±m22 b2+
are given in Table XIII.
+mil. (Roberts, 16). The calculations
TABLE XIII
SEGREGATION OF F3 FAMILIES FROM DWARFS IN F2 AND RELATION OF AVERAGE DEVIATION. TO
THE AVERAGE PROBABLE ERROR
Actual '1 heoretical
average average (3:1)
Average Average
dev. P.E. Dev./P.E.
Odds=about I :I
Dwarf 
 11.331 10.999 0.334 0.355
Normal 
 3.333 3.667
about 1.0
The fit is good and indicates that the general tendency when all of
the families are considered is decidedly toward a 3 :1 ratio.
Backcrosses of dwarfs with parents.—During the summer of 1924
crosses were made between dwarfs from true breeding 'lines and both
parents of the original cross. In all cases the dwarfs were used as the
female parent as it was almost impossible to obtain an appreciable
amount of pollen from the dwarf anthers. Several grains of each of
the crosses were obtained and were grown in the greenhouse during
the winter of 1924-25. Backcrosses with the Kota parent gave F,
plants which were all normal while backcrosses with the Marquis gave
all dwarf or intermediate dwarf plants in F1. Those results can best
be appreciated by reference to Figure 1, which is a photograph of a
. typical pot of plants from each cross. The breeding behavior in the
backcrosses is in agreement with the two-factor hypothesis.
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Kota Dwarf
Parents  IIDD X iidd
IiDd
F,  Normal
Marquis Dwarf
Parents  iidd X iiDD
iiDd
Dwarf
Most of the dwarfs obtained from the backcross with Marquis were
quite typical, but a few of them were obviously of the intermediate
type. These intermediate plants are apparently individuals heterozy-
gous for the dwarf factor which, when heterozygous, often does not
exhibit complete dominance.
DWARFING IN A CHUL-MARQUIS CROSS
Breeding behavior in F, and F, generations.—In the F, generation
of this cross all the plants were normal. In the F, a ratio of 206
normals to 6o dwarfs was obtained. As shown in Table XIV, this
may be regarded as a 3 :1 or a 13 :3 ratio, altho the fit is better for the
former.
TABLE XIV
SEGREGATION IN F2 OF CIIUL-MARQUIS CROSS FOR NORMALS AND DWARFS AND CALCULATION OF
GOODNESS OF FIT TO 3:1 AND 13:3 RATIOS
Actual
Theoretical
(3 : ) Dev. P.E.
Dev.
P.E.
Normal 
Thwart 
206
6o
199.5
66.5
6.5
Odds= 1.90:1
4.76 1.4
Actual
Theoretical
(13:3) Dev. P.E.
Dev.
P.E.
Normal 
Dwarf 
206
6o
216.1
49.9
10.1 4.29 2.4
Odds =8.48 :1
Breeding behavior in F, generation.—The progeny of 24 normal
plants in F, were grown in F3. Of these, 15 families bred true and
9 segregated. This result is compared in Table XV with the theo-
retical proportions (7 :6) for the two-factor hypothesis, and 37 :18 for
the three-factor hypothesis.
•
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TABLE XV
FREQUENCIES OF TRUE BREEDING AND SEGREGATING FAMILIES IN F3 AND COMPARISON WITH THE
THEORETICAL 7:6 AND 37:18 RATIOS
Actual
Theoretical
(7:6) Dev;
Breeding true 
 15 - 12.9 2.I
Segregating 
 9 II.I
Odds=1.63 :
Actual
Theoretical
(37:18) Dev.
Breeding true 
 
15
Segregating 
 9
•
16.!
7.9
I . I
Dev.
P.E. P.E.
1.65 1.3
Dev.
P.E. • P.E.
1.55 0.7
Odds =very low
Fig. I. F1 of the Backcrosses as drown in the Greenhouse, 1924-25
In both cases true-breeding dwarf lines were backcrossed with both parents. The plants
in the two pots in the center are perfectly normal while those in the outside pots are typical
dwarf. Marquis U is the line used in the Kota-Marquis cross and Marquis T in the Chul-
Marquis cross.
In Table XVI are given the actual results for each of the F3 fami-
lies. These have been divided according to statistical goodness of fit
into the ratio groups 13 :3 and 3 :1. The probable errors are given
and their relation to the deviations from the theoretical ratio which
the type of segregation most nearly fits.
When the families are divided in this manner, 8 of them fall into
the 13 :3 class and only I into the 3 class. However, the number
of families is too small to expect much similarity to the theoretical 2 :1
ratio. The number is also too small to expect at least 50 per cent of
them to deviate from the theoretical not less than I times the probable
error. The significant feature of these results is that some of the
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families possessing a fair number of individuals vary widely from the
theoretical ratios. In the case of families 433 and 422, the odds are
very large that these are something other than 13 :3 ratios. They are
much closer to a 63 :1 ratio.
TABLE XVI
, SEGREGATION OF F3 FAMILIES FROM NORMALS IN F2
FPrnly. 
No. Normal Dwarf
Dev. Cale.
(13.3) . P.E. Dev./P.E.
433 67 I 11.75 2.17 5.4
422 67 3 10.13 2.20 4.6
420 49 . 5 5.13 1.93 2.7
419 53 8 3.44 2.06 1.7
417 36 5 2.69 1.69 1.6
• 421 23 4 1.07 1.37 0.8
427 Si 15 ' 3.00 2.58 1.2
432 57 II 1.75 2.17 0.8
Dev. Cale. 3:1
414 73 24 0.25 2.88 0.,
Backcrosses of dwarfs .with parents.—Similar backcrosses of true
breeding dwarfs with both of the parents were made here as for the
Kota-Marquis cross. The results are essentially the same as illustrated
in Figure 1. Here the Chul parent carries the dominant factors IIDD
and the Marquis parent is again of the constitution iidd. The parental
material used for the backcrosses was from the same source as that
used in the original cross.
CYTOLOGICAL STUDIES
In view of the fact that in studies of the inheritance of dwarfing
in wheat, previous workers had frequently obtained ratios that were
not easily explained and that in 'certain cases the dwarfing character
appeared to be associated with variations in the normal chromosome
number, it was thought advisable in this investigation to make at least
a preliminary cytological examination of the material studied.
Methods.—Chromosome counts were made from both root tip and
pollen mother cells. It was found that with some practice fairly re-
liable counts could be made on root tip cells. It is necessary to make
counts in a number of cells and to base the final conclusion on the
chromosome number most frequently obtained. In really satfsfactory
preparations the correct number is practically always found. The sec-
tions were cut Io to I2.5p, thick and counts were made only on
cells containing all the chromosomes. Allen's (1 ) modification of
Bouin's killing and fixing solution was used for both root tips and
pollen mother cells, and Haidenhain's iron alum haematoxylin was used
for staining. In making preparations of pollen mother cells it was
found that direct contact of the killing fluid with the anthers is neces-
sary to get good fixation of the dividing cells. If the glumes are
allowed to remain on the florets, fixation is rarely satisfactory.
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Results.—Chromosome counts in root tip cells of the parents and
of both normals and dwarfs in the progeny gave 42 in each case.
(Plate I, Figs. 1, 2). In the pollen mother cells of dwarfs from the
Kota-Marquis cross, good figures were obtained showing 21 bivalents
at the heterotypic metaphase (Plate I, Fig. 3). Most of the figures
were regular, as shown in Plate I, Fig. 4, but an occasional cell showed
a lagging chromosome (Plate I, Fig. 5). Such irregularities were
not more frequent in general than in the parental material, it being
fairly easy to find an occasional lagging chromosome in side views of
the heterotypic metaphase in Marquis wheat. In the progeny of the
Chul-Marquis cross only an occasional plant was found among both
normals and dwarfs in which the reduction division figures were uni-
formly regular. As shown in the accompanying drawings and photo-
graphs, the itregularities take the form of lagging chromosomes (Plate
I, Figs. 6, 7, 8, 9) which are most frequently and most easily ob-
served in side views of the heterotypic metaphase. There is usually
only one lagging chromosome present, altho in one case two were quite
clearly observed. No attempt was made to count the chromosomes
of these plants in polar views of the heterotypic metaphase, as it was
evident that either 21 or 20 would be obtained, depending on the pres-
ence or absence of a lagging chromosome. The counts in somatic cells,
however, were considered to be sufficient proof that the complete num-
ber (42) was present. The fate of the lagging chromosomes was not
worked out in detail, but it was evident in some cases that they divided
in the heterotype and that the halves passed to opposite poles. Occa-
sionally, as shown in Plate I, Fig. 8, a lagging chromosome is caught
in the mid-body and disintegrates, and in other cases (Fig. 9) vacuo-
lation seems to be taking place in the lagging chromosome at the time
of the heterotypic metaphase. The fate of such a chromosome is
doubtful.
INTERPRETATION OF CHROMOSOME BEHAVIOR
The frequent irregularities observed in the reduction divisions of
the pollen mother cells of the Chul-Marquis progeny suggested a pos-
sible explanation for some of the F3 ratios which deviated widely from
the calculated on a two-factor basis. It will have been noted that altho
the number of families grown was rather small, the variation from
the expected is in some cases statistically significant. In the Kota-
Marquis data it is evident that the results are sufficiently regular to
justify their explanation on a two-factor basis, and correlated with
this there is approximate regularity in the process of reduction division.
The type of irregularity described furnishes a general exp!anation for
widely deviating ratios on the same basis as that advanced by Winge
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(30). He finds what appears to be a similar phenomenon in the re-
duction division figures of Speltoid-Heterozygotes and one or two
other mutant types, and points out that this provides a reasonable
explanation for the aberrant ratios obtained in studies of the inheritance
of these types by Nillson-Ehle, Akerman, Linhard, and Kajanus.3
According to Winge's conception of diploid, tetraploid, and hexa-
ploid species such as exist in wheat, the chromosomes may be considered
to be in sets which consist of somewhat similar pairs of homologous
chromosomes. Taking seven pairs as the chromosome complement of
the primitive ancestor of the tetraploid and hexaploid species, when
a tetraploid species arises by reduplication of all the chromosomes of
the diploid species it then possesses instead of 7 pairs, 7 sets of four.
In, each set, if the chromosomes all unite at diakinesis, they may be
spoken of as tetrasomes (Blakeslee, 3), but in normal 'varieties of
Triticum durum or dicoccum this does not take place, so it is simply
considered as-a four-chromosome set. In hexaploid species there will
be 7 of such sets of 6 chromosomes each. It should be pointed
out here in order to be absolutely clear that when referring to chromo-
some sets in this sense there is no reference to the haploid groups
which probably consist of entirely distinct chromosomes. This con-
ception agrees with that of Blakeslee (3), who would evidently con-
sider 28-chromosome wheats as double diploids and 42-chromosome
wheats as tri-diploids, since the chromosomes always unite in pairs
and not as tetrasomes or hexasomes.
The chromosome relationships in the wheat species groups may be
represented, therefore, as in Diagram 1.
Diagram 1. Representation of the Theoretical Chromosome Relation-
ships in the Wheat Species Groups
I 2 3 4 5
Einkorn
2 3 4 5
Emmer
Spelt
6
6
7
=14
A1 B1 ± A2 B2 A3 B3+  +A7 B7
A1 B1 A2 B2 A3 B3 
-17‘.7 13-7
=28
A1B1C1 A2B2C2 A3B3C3+  +A7B7C7
=42
-A-2B2E2 —A-3—B3C.3 A7B7C7
3 For literature citations see Winge (30).
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This diagram is easily understood when it is observed that in the
Al B1
Emmer group is supposed to have arisen by duplication of
Al El
the pair — of Einkorn. In reduction division of a hexaploid species,
ABC
in any one of the groups the normal method of pairing is
ABC. 
A with A, B with B, and C with C, but since these pairs are probably
more or less homologous, there may in some cases be sufficient affinity
between chromosomes that are not strictly homologous to bring about
different types of pairing. Normal and certain types of abnormal
pairing together with the two kinds of gametes produced are given
here.
Normal and abnormal types of chromosome pairing
Normal type (gametes produced)
AA BB CC or ABC ABC
— — ABC
Abnormal types
AA BC CB or ABC
ACB
ABC id- ABB + ACC
AB AB CC or ABC ABC BBC --I-- AAC
BAG
It is evident that such behavior would be liable to introduce irregular-
ities in the usual ratios obtained from factors located in the chromo-
somes A, B, or C. This is the basis for Winge's explanation of the
irregular ratios obtained by the workers previously mentioned.
Winge made a further observation, namely, that the production of
abnormal gametes furnishes a reasonable explanation for the occur-
rence of forms in which lagging chromosomes are frequently observed
in the reduction division figures. When gametes such as ABC and
ABB, or ACC and ACB go to form a zygote, three homologous chromo-
somes are present. It is reasonable to suppose that in most cases these
will form a trivalent and that the remaining chromosome will lag behind.
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APPLICATION OF CHROMOSOME BEHAVIOR TO BREEDING
BEHAVIOR OF PROGENY OF KOTA-MARQUIS AND
CHUL-MARQUIS CROSSES
In both crosses the genetic data are sufficient to show that the
dwarfing character may be placed on a definite factor basis. However,
in the Chul-Marquis material the inheritance data are not as regular
as might be expected and as lagging chromosomes were frequently
observed in the dwarf and normal material, it appears worth while to
attempt a speculation as to how the cytological irregularities might
affect the ratios obtained.
In the F, of the cross the chromosome of one of the seven groups
AID
may be represen' ed as — — —. The — chromosome pair here carries
Aid
the inhibiting factor and its allelomorph, and the — chromosome pair
A
the dominant dwarf factor and its allelomorph. The — pair need
A
not be regarded as carrying any factors that ar of immediate concern.
Aid
In the Marquis parent the chromosome group would be — — — and
Aid
AID
in the Chul parent — — In these, chromosome pairing is normal,
AID
therefore complete affinity between homologous chromosomes can be
assumed and a complete lack of affinity between members of dissimilar
pairs. This may be represented as follows where the figure 10 indi-
cates complete affinity, and o complete lack of affinity.
In the F, of a cross between these varieties it would be expected
normally that the — pair and the — would be completely homologous,
but in distantly related varieties it is quite possible that there may be
sufficient resemblances and differences among the members of a f our-
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Chromosome set to bring about partial affinity between all members.
As a working basis, the assumption is made that the condition is as
follows:
• F, of Chul x Marquis
Here the affinity of I for i is no greater than I for d, and the affinity
of D for d is no greater than D for i. This equality is assumed merely
for simplicity. It is more logical to assume a somewhat greater affinity
of I for i than I for d, but the actual affinity can not be determined,
so there is no object in complicating the hypothesis by assuming dif-
ferent values.
This would result in two types of chromosome pairing:
Method of Pairing Gametes Formed
ID
id
ID
--> ID, id, Id, iD
--> ID, id, Ii, Dd
di
It is impossible to estimate the frequency with which the different
types of gametes will be formed, but it appears probable that the ab-
normal gametes Ii and Dd will be formed somewhat less frequently
than the four normal types of; gametes, ID, Id, iD, and id.
. It should be pointed out here that the abnormal gametes Ii and Di
might possibly be formed by non-disjunction in the — and the pairs
at the same time, the non-disjoining pairs passing to opposite poles.
This probably does not take place, as in order to produce the double
non-disjunction gametes in appreciable numbers, single non-disjunction
would be expected to occur much more frequently. This would result
in a large number of gametes containing 20 or 22 chromosomes and
these would probably. be lethal,4 or if viable would result in the pro-
duction of a number of plants possessing 41 or 43 chromosomes.
There is no evidence that such plants are produced.
4 In. species crosses, as indicated by Sax (21), there seems to be a distinct tendency at
least for the male gametes of this nature to be lethal. It is evident, furthermore, that not
to consider these gametes simplifies the hypothesis and is justifiable on the grounds that it
does not make a great deal of difference to the theoretical ratios.
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When the gametes Ii, Dd, Id, iD, ID, id are produced by the F,
individuals the genotypes in F, will be as• shown in Diagram 2.
Diagram 2. Genotypes in F, When Abnormal Chromosome Pairing
in the F, Results in the Formation in Addition to the
Normal, of the Abnormal Gametes Ii and Dd
Gametes Ii Dd Id iD ID id
(I) (2) (3) (4) (5) (6)
Ii liii IiDd Ii Id IiiD IiID hid
Dd
Id
(2) (i5) (7) (i6) (8) ('7)
IiDd OdDd IdDd •iDDd IDDd idDd
(3) (7) (g) (2) (To) (II)
Ii Id IdDd IIdd IiDd IIDd Iidd
(4) - (i6) (2) (i8) (12) (IQ)
iD IiiD iDDd IiDd iDiD IiDD iDid
ID
(5) (8) (io) (12) (i3) (2)
IiID IDDd IIDd IiDD IIDD IiDd
(6) (i7) (II) (19) (2) (i4)
id hid idDd lidd iDid IiDd idid
It will be noted in Diagram 2 that the dwarf genotypes are enclosed
within heavy lines and that the proportion of normals to dwarfs is 3.5 :1.
This is of course assuming that all types of gametes are formed with
equal frequency, which is very probably not true. If the two types of
ID ID
chromosome pairing — — and — — occur with equal frequency the
id di
gamete frequencies may be worked out as follows:
Type of Pairing Gametes FOrmed
ID
(a) ID, id, id, iD
i d
ID
(b) —
di
ID, id, Ii, Dd
Total=2 ID, 2 id, Id, iD, Ii, Dd
This gametic ratio would represent the maximum production of
abnormal gametes, since abnormal pairing occurs as often as normal
pairing. The amount of abnormal pairing will make no difference,
however, in the F, ratio, as the gametes produced by both the (a) and
(b) types of pairing will each give a 13 :3 ratio of normals to dwarfs.
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The effect of abnormal pairing of the chromosomes will therefore be
observed only on the F, ratios.
On the basis of the relative affinity between chromosome pairs, the
expected type of segregation in F, for each F, genotype may be ar-
rived at approximately. Those which are phenotypically normal and
possess dwarf factors will be dealt with.
AID,
(2)5 IiDd or — — is the same as the F, and will give approxi-
A i d
mately 13 normals to 3 dwarfs.
AID
IiiD or — — — Chromosome affinities
Au i
It is evident that there are three possible types of chromosome union:
(a) — pair and D and I lag, giving the gametes Ii, iD, (IiD), (i),
two of which possess one extra or are minus one chromo-
some and are probably lethal.6
(b) —I form a trivalent and D lags or —D form a trivalent and
1
I lags, giving the gametes, ID, ii, 2 Ii, 2 iD, (iiD), (I),
(2 IiD), (2 i), six of which are probably lethal.
(c) — pair and — pair and there are no lagging chromosomes.
1
Gives the gametes ID, Ii, id, iD.
The frequency with which the different types of pairing occur can not
be determined, but it is evident that this makes only a slight difference
to the final ratios. If (a) alone occurs, the ratio of normals to dwarfs
will be 3 :1, (b) alone will give a 3.5 :1 ratio, and (c) a 4.33 :1 ratio.
5 The numbers, as (2) in this case, refer to the numbers given to each of the genotypes
in F2. See Diagram 2.
6 See footnote, page 21.
AID
(5) IiID or _ —
A I i
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Chromosome affinities
The possible types of chromosome union are:
ID
(a) — — gives the gametes ID, Ii.
I i
(b) 7—i form a trivalent and D lags, gives II, iD, 2 Ii, 2 ID, the
other four being lethal.
If only (a) occurs, no dwarfs will be obtained in the progeny while
from (b) will be obtained a 35:1 ratio of normals to dwarfs. As
there is complete affinity between the — pair, (a) would be expected
to occur quite frequently so that this type would be expected to give
ratios in which there is a considerably greater preponderance of nor-
mals than in a 35 ratio. The ratios obtained in such families as
No. 433, Table XVI, are explainable on this basis.
AID
(7) IdDd or — — — •
A d d
Chromosome affinities
/
5
(a) — pair, I and D lag, give Id and Dd, the other two being
lethal.
(b) —D form a trivalent, I lags, gives ID, dd, 2 Id, 2 Dd, the
other six being lethal.
(c) —I form a trivalent and D lags, gives ID, dd, 2 Id, 2 Dd, the
other six being lethal.
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The (a) gametes will give a 3 :1 ratio of normals to dwarfs, and the
(b) and (c) gametes, which are the same in both cases, a 3.5 :1 ratio.
AID
(8) IDDd or — -- —
A d D
DI
(a) -- gives ID, Dd
Dd
Chromosome affinities
/
/0 5
/ ,\1
D d
(b) —d form a trivalent and I lags, gives Id, DD, 2 DI, 2 Dd, the
other four being lethal.
The (a) gametes give a 3 :1 ratio of normals to dwarfs and the (b)
gametes give the same.
AID
(io) IIDd or — — Chromosome affinities
Al d
1\ /
/0 6"
\I.
ID
(a) -- gives ID, Id
Id
(b) —d form a trivalent and D lags, gives II, Dd, 2 ID, 2 Id, the
other four being lethal.
(a) will give only normals while (b) gives a 35:1 ratio of normals
to dwarfs.
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AID
(12) IiDD or — —
A i D
DI
(a) — — gives ID, iD
Di
Chromosome Affinities
I\ /
/0
I
(b) —i form a trivalent and I lags, gives Ii, DD, ID, iD, the other
four being lethal.
Both (a) and (b) give a 3 :1 ratio of normals to dwarfs.
The above hypothesis regarding segregation in the F3 families is
summarized in Table XVII.
TABLE XVII •
PROBABLE SEGREGATION OF F3 FAMILIES FROM NORMAL F2 INDIVIDUALS
Possible range in expected
' No. of F2 Frequency of ratios due to irregular chromosome pairing
genotype as occurrence of
.in Diagram 2 genotype in F2 Normal Dwarf Normal Dwarf
(2) 6 3.5 4.33 I
(4) 2 3.0 4.33 1
(5) 2 35.0 1 All o
(7) 2 3.0 I 3.5 I
(8) 2 3.0 I 3.0 I
(I0) 2 35.0 1 All o
(12) 2 3.0 I 3.0 I
DISCUSSION
Our knowledge of the phylogenetic relationships of species and
genera has been materially increased during recent years by chromo-
some study. The first and most evident fact thus revealed is that in
related species and genera the chromosome numbers are usually the
same or are in multiples of the same number. Thus in wheat and
oats we have the haploid numbers 7, 14, 21 (Sakamura, i8; and Sax.
19, 20, 21, 22, 23, 24; and Kihara, 12, 13, 14, 15). A complete review
of the polyploid condition in various species and genera has been made
by Gates (8).
Studies of the chromosome numbers, however, provide only an
indication of the actual relationships. More definite information can
be obtained by studies on the compatability of the chromosomes in
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different taxonomic groups. Crosses are made and the behavior of
the chromosomes in the reduction.divisions of the progeny is observed.
In crosses of wheat species with different chromosome numbers it
has been shown (Sax, 19, 20, 21, 22, 23; and Kihara, 12, 14, 15) that
there are indications of a rather close relationship between the species
in that chromosome groups in each are homologous and pairing of the
chromosomes in these groups is the normal behavior. In some of these
crosses there is less affinity than in others with the result that some
of the crosses are fertile and some are completely sterile. In wide
crosses as between .Triticion vulgare and Secale cereale (Kihara, 12, 15)
the affinity between the chromosomes in the formation of bivalents is
very weak and as a result the expected number of bivalents, 7, are
seldom, if ever, found. In other instances (Collins and Mann, 7) a
cross of Crepis setosa and C. capillaris possessing 3 and 4 chromosomes
haploid respectively, gave no progeny that got beyond the seedling
stage. In another cross of Crepis setosa and C. biennis (20 chromo-
somes) quite vigorous F, plants were obtained. Evidently, as con-
cluded by the authors, the degree of success in these crosses depended
more upon the compatibility of the chromosome complements of the
parents than upon numbers alone.
It is, accordingly, quite conceivable that in any species in which the
varieties are normally inter f ertile there may be some variation in com-
pa' ibility of the chromosomes. In crOsses between some varieties there
may be complete affinity between all the chromosome pairs, while in
others there may be an entire lack of affinity between one or more
pairs. A lack of affinity is hardly to be expected between varieties
that are clgsely related and morphologically similar. It seems
more reasonable to expect it in varieties of apparently widely different
origin and with clear-cut morphological distinction. Such is the case
with the parents of the crosses used in this study. Chul and Kota are
somewhat similar in head type and were both introduced from Russia
(Clark, Martin, Ball, 6). They are also taxonomically quite distinct
from Marquis, which was used as the other parent in crosses with both
of these varieties.
The idea of variable affinity between homologous chromosomes in
different varieties was indicated by Blakeslee (4) in a discussion of
genetic ratios obtained from a Poinsettia, a simple trisomic mutant of
Datura. It was pointed out with respect to the factors Pp for purple
carried in the trisome, that three different combinations could be built up
by utilizing a strain obtained from Washington possessing a chromo-
some containing the white factor p and a strain from Germany con-
taining a similar chromosome. The genotype Ppp built up with the
chromosome containing p from the German strain gave different ratios
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from the other two combinations because the chromosomes carrying
the factors for white went to opposite poles too frequently. In the
trisomes of the various combinations there was evidently a variation
in the affinity among the three chromosomes.
In view of the regularity of the results obtained in the present
study from the Kota-Marquis cross, it is somewhat surprising that
such was not the case in those reported by Waldron and previously
reviewed in this paper. A cytological study of this material might be
of considerable interest, as the chief reasons why the results do not
fit a simple factor hypothesis are that ratios are obtained which deviate
significantly from the expected 3 :1, 13 :3, 55:9, and 9 .7. These widely
deviating ratios are close to 15 :1 or 63 :1 ratios and, as shown above,
there is some possibility that they may be explained on the basis of
irregular chromosome behavior.
AN OAT DWARF
HISTORY AND BREEDING BEHAVIOR
This oat dwarf was first diseovered in some material which was
being utilized for a study of the inheritance of the false wild character.
The study was initiated while the writer was at the University of
Saskatchewan. During the winter of 1921-22 a number of grains
were selected from bulk grain of a pure line of Banner Sask. 144.
These grains appeared to be intermediate with respect to the false, wild
character in that they possessed a distinct basal scar which was only
evident on close examination. These were grown the following year
in individual plant rows together with a number of typical false wild
and cultivated grains. The intermediate grains gave false wild, inter-
mediate, and cultivated plants in approximately a I :2 :1 ratio. The
actual results are given in Table XVIII.
TABLE XVIII
NUMBER AND TYPES OF PLANTS OBTAINED FROM SELECTED FALSE WILD, INTERMEDIATE, AND
CULTIVATED SEEDS
Number of different types of progeny
Type of seed Number of • 
planted plants grown False wild Intermediate Cultivated
False wild
Intermediate
Cultivated  
121 120
63 19
130 0
I 0
28 16
2 128
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The three individuals from false wild and cultivated grains which fell
into the intermediate class may have occurred through errors of
classification the previous year, since it was found later that the false
wild and cultivated types always breed true.
From the intermediate plants 20 were selected at random and their
progeny grown the following year. These gave the three types, and
the frequency of their occurrence was false wild 114 ; intermediate
224; and cultivated 94. Of the 114 false wild plants, 20 were dwarfs,
these appearing in 4 out of the 20 families. The dwarfs show a good
deal of variability in height, but in general are about half the height
of normal plants. They lack vigor and are apparently very susceptible
to root-rots. The panicles do not usually emerge completely from the
sheaths. The spikelets appear normal, but no seeds are formed.
In these families from intermediate plants there appeared to be
three types of segregation, altho the numbers were too small to put
this on a definite basis. These types are illustrated in Table XIX.
TABLE XIX
TYPES OF SEGREGATION IN FAMILIES FROM INTERMEDIATE PLANTS
Type I Cultivated, intermediate, and false wild types appear in approximately a 1:2:1 ratio.
There are no dwarfs.
F.W. Int. Cult.
Normal 
Dwarf 
Total 
91 198 72
91 198 72
Type II The same three types appear .and some of the false wild plants are dwarfed.fil ifi
F.W. Int. Cult.
Normal 3 15 20
Dwarf 2
Total 5 15 20
Type III All of the false wild plants are dwarfed and the cultivated class is eliminated.
F.W. Int. Cult.
Normal
Dwarf 18
Total  18
12
0
12
0
0
One family in type III consisted of 7 intermediate plants and 10
false wild dwarfs. When the progeny of the 7 intermediate plants
were grown, the results Were as given in Table XX. -
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TABLE XX
RESULTS BY FAMILIES FOR THE SEGREGATION OF SEVEN INTERMEDIATE PLANTS
Family Class
Height class in inches
6 II 16 21 26 31 36 41 Total
F.W. 
Int. 
Cult. 
9 . . • • II
• • 2 2 4 9
• •
II
F.W
Int.
Cult.
• • • • 0
2 4 I 8
4 8 13
III
F W  3 3 5 • • • •
Int.  I 2 . . 3
Cult.  • • • • • .
IV
F W 
Int. 
Cult. 
4 • •
5 3
10
I0
0
V
F.W
Int.
Cult.
3 4
3 6 2 I • • 12
0
VI
F.W
Int.
Cult.
7 2 • • II
. . 3 2 2 2 • • 9
• • • •
VII
F.W  2 4 4 3 . • • 13
Int. • • • • 2 6 2 I II
Cult. • • • • • • 0
F.W  5 12 28 15
All families mt. 4 I I
Cult. • •
• •
18
• •
15 2
4 10
6o
63
Is
Families I, III, F W  12 28 15 • • • • 6o
IV, V, VI, VII Int. I 4 12 10 16 II 1 55
Cult  • • • • 2 2
The general tendency seems to be toward the production of false
wild dwarfs and intermediate normals in a i :I ratio, while the culti-
vated type is practically eliminated. Of the total of 15 cultivated
plants obtained, 13 appeared in Family II which did not produce any •
dwarfs. Summarizing all of the families except Family II, as in
the lower portion of Table XX, there is a total of 6o dwarfs which
are also false wild, and 55 intermediate normals. The results for
all the families combined are illustrated graphically in Figure 2.
The segregation is quite distinct and the means of the two types are
widely different. The average height of the dwarfs in inches was
15.417-1-.382, and that of the other two classes was 30.423+.577.
The difference is 15.006-F.692, the significance of which is undoubted.
In order to study the possible relation of the false wild character
to dwarfing, a cross was made between a pure line of Banner Sask. 144
• and a pure strain of false wild that had been isolated from it. The F,
of this cross possessed grains which were uniformly intermediate in
type and the plants were normal in appearance. In the F, generation
• 436 plants were studied, of which 90 were false wild, 234 intermediate,
and 106 cultivated. These plants were •measured and classified for
Li
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height of tallest culm and average height of culm, the results from
which are presented in Figures 3 and 4. As will be noted from these
figures, there is no correlation in this case between the grain characters
and height of plant.
Fig. 2. Graphic Representation of Summarized Data from Table XX
Frequency distribution on a percentage basis for height of tallest culm.
Classes Mean height in inches
False wild dwarf  15.42±•38
Intermediate and cultivated normal  3o.42±.58
Pa/$e Wild,
Cultivated.
Intermediate-
/7 22 27 32 37. 4Z 0.7
• Heit•cla2s in inchec
Fig. 3. Frequency Distribution on a Percentage Basis for Height of Tallest Culm for the
False Wild, Intermediate, and Cultivated Classes in the F2 of the
Cross Wild x Cultivated •
Classes
False wild  36.01±377
Intermediate  36.51 ±.279
Cultivated  36.86±425
Mean height in inches
F Wild --- I lri,fe 
Cultivated
Ihtitrmediate
I
1/
1
1/
4p,
22 21 32 37 *2. 4 7
Height °last', in inches
Fig. 4. Frequency Distribution on a Percentage Basis for Average Height of Culm for the
False Wild, Intermediate, and Cultivated Classes in the F2 of a
Cross Between False Wild and Cultivated
Classes Mean height in inches
False wild  31.47J:495
Intermediate  32
.56±395
Cultivated 32.45 ± .232
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CYTOLOGICAL STUDIES
A preliminary cytological study of the dwarfs was made during
the summer of 1924. While determining by Belling's method (2) the
right stage for fixation in order to obtain division figures in the pollen
mother cells, lagging chromosomes were frequently observed and the
general appearance of the dividing cells was somewhat different from
that of the normal material in that there was a great deal more varia-
tion in the stages of division in the same anther. Permanent prepara-
tions showed a very surprising degree of irregularity in the reduction
division figures. The stages appear to be normal up to and including
diakinesis but from then on are very irregular. In the heterotype
there is considerable variation in the chromosome behavior. In a few
cells, Plate II, Figure 13, behavior is almost normal in that, the chromo-
somes arrange on a fairly distinct equatorial plate and only a few
are lagging, but in the majority of cells there seems to be a decided
lack of co-ordination among all of the chromosomes. They appear to
divide at different times and at various places in the cell, and are
therefore to be seen spread about in the cell in different stages of
division (Plate II, Figs. 16, 17, 18, 19). No cells were found which
were definitely undergoing a homotypic division and it appears prob-
able that this does not take place. The irregular heterotypic division
resu:ts in the aggregation in different parts of the cell of masses of
chromatin which lack the power of undergoing further division.
Walls are then laid down separating the masses and a group of ir-
regular and aborted pollen grains results (Plate II, Figs. 21, 23). If
the heterotype is fairly regular, only two masses of chromatin are
formed and when a wall is laid down between them two giant pollen
grains result (Plate II, Fig. 22). Some of these were so large as to
indicate that the entire pollen mother cell had developed into a single
pollen grain. The large pollen grains and a few others looked normal
when fixed and mounted in lactic acid and acid fuchsin, but germina-
tion tests were not made. The remainder of the pollen grains, making
approximately 95 per cent of the whole, are distinctly abortive.
In connection with these studies, chiefly in order to obtain a general
idea as to the nature of normal material, chromosome counts were
made on pollen mother cells and root tip cells of Avcna sativa (normal
and false wild), A. nuda, A. fatua, A. sterilis, A. brevis, A. barbata,
and A. strigosa. As shown in Plate I, Figures To, II, 12, the last
three were found to possess 7 chromosomes haploid. The remaining
species gave counts of 21 haploid, and rdot tip figures gave 42. A
count was also made on root tip cells of Stanton's prolific dwarf (25).
Good figures were obtained showing 42 chromosomes.
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DISCUSSION
At present it seems that not sufficient genetic and cytological data
have been obtained to furnish a basis for a reasonably sound explana-
tion for the occurrence and behavior of the oat dwarf. The cyto-
logical irregularities indicate that something is lacking which has a
profound influence on the co-ordination of the chromosomes during
reduction division. This may be either a single factor, a part of a
chromosome containing several to many factors, or one or more whole
chromosomes. The fact that all the dwarf plants are false wild seems
to indicate that at least a part of a chromosome which also carries the
cuaivated factor has somehow been lost.
The case of this dwarf appears to be very similar to that reported
by Burd (5) in Sea Island cotton: The plants obtained were very
much reduc-ed in height and size of parts. Normal dehisence of the
anthers did not occur and the pollen was abnormal. The rogues were
completely self-sterile and they produced only a few seeds by open
pollination. In the pollen, tetrad formation was shown to be very
abnormal, any number up to 7 cells being formed from a single pollen
mother cell. Burd inclines to the view that the rogue originated by
mutational loss.
SUMMARY
T. In a Kota-Marquis cross made and studied at University Farm,
St. Paul, dwarf plants appeared in the F, and in a definite proportion
of the F, families. The segregation in F, was sufficiently close to a
13 :3 ratio to indicate that two factors were involved, a dominant dwarf
factor D and an inhibitor I. In F3 the proportion of true breeding and
segregating families, the types of segregation in individual families,
and the proportions of the different types of segrega'ion gave further
proof of the two-factor hypothesis.
2. In a Chul-Marquis cross, made and studied first by Dr. W. P.
Thompson at the University of Saskatchewan, sufficient data were
obtained from the segregating generations to indicate that two factors
of the same nature as in the case of the Kota-Marquis dwarfs govern
the inheritance of the dwarf condition. Here the segrega ion in F, is
approximately 13 normals to 3 dwarfs. In the F3 generation, types
of segregation occur which do not correspond wtih the simple factor
explanation.
3. Backcrosses of true breeding dwarfs to the parents, produced in
the F, generation only dwarfs in the cross of Dwarf x Marquis, and
only normals in the crosses of Dwarf x Kota and Dwarf x Chul.
This is considered sufficient proof of the presence of an inhibiting
factor in the Kota and Chul parents which prevents the expression
of a dwarf factor.
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4. A cytological study of the dwarfs obtained from both crosses
led to the conclusion that in the Kota-Marquis dwarfs chromosome
number and behavior are as normal as in the parental material. In
the Chul-Marquis dwarfs, lagging chromosomes were present in most
of the cells undergoing reduction division.
5. It was suggested that the lagging chromosomes may have resulted
from the presence in the heterotypic division of three horhologous
chromosomes which formed trivalents and allowed the remaining
chromosome to lag behind. Such cells might arise through irregular
pairing of the chromosomes in the mother cells of the F, *plants and
the recombination of the aberrant gametes so formed. Irregularities
of this type affecting the chromosome pairs carrying the dwarf factor
or factors and the inhibitor would result in the occurrence in F, of
families showing a segregation varying from 3 :1, of normals to dwarfs
to practically all normals. This would easily account for the obtaining
of ratios approximating 63 :I.
6. An oat dwarf was found in the progeny of plants heterozygous
for the false wild character. These dwarfs are only abOut one-half the
height of normal plants, are completely sterile, and always possess the
false wild character. The progeny of normal plants heterozygous for
the false wild factor usually consist of a I :2 :1 ratio of false wild, inter-
mediate, and cultivated individuals, but when dwarfs occur in families
from such plants the cultivated class is practically eliminated and the
remainder consist of false wild dwarfs and intermediate normals in
a I :1 ratio.
7. A cytological study of the pollen mother cells of the oat dwarf
showed that reduction division is extremely irregular. There seems to
be an almost complete lack of co-ordination among the chromosomes
at the heterotype, and the homotype probably does not take place.
Very few normal appearing pollen grains are formed.
8. There is evidently in the case of the oat dwarf an intimate cor-
relation between dwarfing, the false wild character, cytological irregu-
larities, and complete sterility.
9. Chromosome counts on Avena sativa, A. fatua, A. sterilis,
A. nuda, A. brevis, A. barbata, and A. strigosa gave 42 for the first
four species and 14 for the remainder.
10. In these studies the cytological evidence has thrown consider-
able light on the inheritance data. This would seem to indicate the
value of combining the genetic and cytological modes of attack, espe-
cially in those cases in which the results obtained are not easily
explained on a direct factor basis.
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DESCRIPTION OF PLATE I
Fig. 1. Root-tip cell of Chul-Marquis dwarf showing 42 chromosomes. x goo
Fig. 2. Root-tip cell of Kota-Marquis dwarf showing 42 chromosomes. x 900
Fig. 3. Pollen mother cell of Kota-Marquis dwarf. Polar view of heterotypic
metaphase showing 21 bivalent chromosomes. x goo.
Fig. 4. Pollen mother cell of Kota-Marquis dwarf. Side view of heterotypic
metaphase. x goo
Fig. 5. Pollen mother cell of Chul-Marquis dwarf. Side view of heterotypic
anaphase showing 2 lagging chromosomes. x 900
Figs. 6, 7, 9. Pollen mother cells of Chul-Marquis dwarf showing lagging
chromosomes in side views of heterotypic metaphase. x
Fig. 8. Pollen mother cell of Chul-Marquis dwarf. Side view of heterotypic
telaphase showing lagging chromosomes caught in the mid-body. x goo
Fig. io. Pollen mother cell of Avena brevis, drawn from Belling's method
preparation, showing 7 bivalent chromosomes in polar view of hetero-
typic metaphase
Fig. ii. Same as io for Avena barbata
Fig. 12. Same as 10 for Avena strigosa

DESCRIPTION OF PLATE II
Fig. 13. Pollen mother cell of Avena sativa, drawn from Belling's method
preparation, showing 21 bivalent chromosomes in polar view of hetero-
typic metaphase
15. Pollen mother cells of dwarf oats, drawn from Belling's method
preparations, showing lagging chromosomes in side views of heterotypic
metaphase
Figs. 16, 17. Pollen mother cells of dwarf oats, side view of heterotypic meta-
phase showing chromosomes scattered throughout the cells in various
stages of division. x 900
Figs. 18, 19, 20. Polar views of heterotypic metaphase of pollen mother cells
of dwarf oats. Show that both univalents and bivalents appear to 132
present and that all of the chromosomes can not be found in one section.
x 900
Fig. 21. Early stage of pollen grain formation in the dwarf oat. Cross walls
have been laid down and chromatin masses are disintegrating
Fig. 22. Formation of giant pollen grains in the dwarf oat. The heterotype has
been fairly regular and two large nuclei resulted which lacked the power
of undergoing a homotypic division. x 900
Fig. 23. A later stage than 21. X 900.
Fig. 24. Root-tip cell of Stanton's prolific dwarf showing 42 chromosomes.
x 900
Figs. 14,

DESCRIPTION OF PLATE III
(Microphotographs)
Fig. 1. Pollen mother cell of Kota-Marquis dwarf plant in which reduction
division is regular. Side view of heterotypic telaphase
Fig. 2. Same as Plate I, Fig. 3
Fig. 3. Same as Plate I, Fig. 7
Fig. 4. Same as Plate I, Fig. 8
Fig. 5. Same as Plate I, Fig. 9
Fig. 6. Same as Plate II, Fig. 24
Fig. 7. Pollen from a dwarf oat plant. A single giant pollen grain is shown
surrounded by aborted grains of various sizes.
Fig. 8. Normal pollen of Avena sativa
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